Memory T cells protect the host through rapid recall responses to pathogens. A population of memory T cells that is vital for host defence, T RM cells, has recently been characterized [1] [2] [3] [4] . T RM cells reside in epithelial barrier tissues and persist for long periods of time at the interface between host and environment 3,4 . Upon re-infection,
+ T RM cells. Graphs in d, e, g, h show mean ± s.d. from triplicates. β -actin was used as internal control and mRNA was normalized to T N cells (d, e, g) or T RM cells transduced with a lentiviral vector encoding scrambled siRNA (h). T cells from 15-20 mice were pooled for each group. * * P < 0.01; NS, not significant.
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CD8
+ T RM cells provide a rapid antigen-specific immune response, creating an inflammatory and antiviral microenvironment that facilitates pathogen elimination [6] [7] [8] [9] . Although previous studies have yielded clues [10] [11] [12] [13] , little is known about the molecular program that regulates the long-term survival of these cells. To answer this question, we first evaluated skin T RM cell maturation by comparing gene expression patterns at different time points after infection. OT-I transgenic mouse T cells were transferred into recipient mice one day before immunization with a recombinant VACV that expresses chicken ovalbumin peptide (amino acids 257-264) under the control of an early gene promoter (rVACV OVA ) 14 . OT-I cells were readily found in the skin at day 5 after infection and reached their maximum level at day 10, before beginning to decrease in numbers (Extended Data Fig. 1a) . Skininfiltrating OT-I cells were sorted at different time points after infection and were analysed by transcriptional profiling. Principal-component analysis showed that transcriptomes of skin-infiltrating T cells clustered tightly from day 25 to day 90 after infection, suggesting that mouse skin CD8
+ T RM cell maturation is largely completed by day 25 after infection ( Fig. 1a) . Transcriptomes of T RM cells are distinct from those of T CM cells and effector memory T (T EM ) cells (Fig. 1a, b and Extended Data Fig. 1b) , consistent with previous reports [11] [12] [13] . Next, we directly compared T RM cells (day 30) and T CM cells (Fig. 1c) . Notably, genes encoding FABP4 and FABP5 were among the most strongly upregu lated genes in T RM cells, as was the gene that encodes CD36, a lipid-scavenger cell-surface receptor 15 ( Fig. 1c) . Quantitative realtime PCR (qPCR) confirmed the increased gene expression of Fabp4 and Fabp5 in CD8 + T RM cells (Fig. 1d , e and Extended Data Fig. 1c ). Immunofluorescence staining of the skin showed expression of FABP4 and FABP5 in skin CD8
+ T RM cells (Fig. 1f) . To extend these observations to other peripheral tissues, mice with transferred OT-I cells were WT Fig. 1d ).
Peroxisome proliferator-activated receptors (PPARs) are adipogenic regulators that have been reported to influence Fabp4 and Fabp5 gene expression 16 . Pparg, but not Ppara or Ppard, was selectively upregulated in T RM cells compared to naive T (T N ) cells, T CM and T EM cells (Fig. 1g and data not shown) . Knockdown of Pparg expression using short interfering (si)RNA lentiviruses, or treatment of mice with GW9662 (an irreversible PPARγ antagonist), inhibited Fabp4 and Fabp5 gene expression in CD8
+ T RM cells ( Fig. 1h and Extended Data Fig. 1e, f) . These data indicate that PPARγ is an upstream regulator of Fabp4 and Fabp5 gene expression.
Upon activation, naive T cells undergo metabolic reprogramming as they proliferate and develop into different subsets of memory T cells 17, 18 . The strongly upregulated T RM genes Fabp4 and Fabp5 encode lipid chaperone proteins that bind to hydrophobic ligands, thereby coordinating lipid uptake and intracellular trafficking 19 . Extracellular FFAs could be visualized in the mouse epidermis, where skin CD8
+ T RM cells localize 3 (Extended Data Fig. 2 ). Given the magnitude of their upregulation, we hypothesized that FABP4 and FABP5 might play a role in CD8
+ T RM cell physiology in the skin. To test our hypothesis, we first compared the extracellular FFA uptake of OT-I memory T cell subtypes in vitro. Compared to T N , T CM and T EM cells, substantially more of a green fluorescent fatty acid, Bodipy FL C 16 , was internalized by OT-I T RM cells (Fig. 2a ). FABP4 and FABP5 are highly homologous and bind to fatty acids with similar selectivity and affinity 19 . Given the compensatory and redundant role of these two molecules 20 , we used double-knockout mice that lacked both Fabp4 and Fabp5 (Fabp4 −/− /Fabp5 −/− ) to analyse the contribution of these molecules to FFA uptake. FACS analysis showed that OT-I Fabp4
−/− T RM cells internalized substantially less fatty acids in vitro compared to wild-type cells (Fig. 2b) , suggesting that FABP4 and FABP5 are important for the specific uptake of palmitate. We then investigated whether loss of FABP4 and FABP5 would impair T RM cell behaviour in vivo. OT-I wild-type and OT-1 Fabp4
−/− cells were mixed at a 1:1 ratio and transferred into congenic recipients. Mice were then infected with VACV OVA , and the number of OT-I wild-type and OT-I Fabp4 
/Fabp5
−/− T eff cells displayed a similar proliferative capacity and tissue-homing receptor expression as wild-type T eff cells at 60 h after infection (Extended Data Fig. 5c ). These data indicate that the absence of FABP4 and FABP5 does not affect CD8
+ T-cell proliferation or recruitment to the skin. Inhibition of Fabp4/Fabp5 gene expression by knocking down Pparg expression in OT-I cells, or inhibition of PPARγ by GW9662 treatment, decreased the long-term persistence of CD8 + T RM cells in the skin (Extended Data  Fig. 6 ). These data suggest that FABP4 and FABP5 are essential for the long-term survival of CD8
+ T RM cells in skin. Annexin-V staining of OT-I wild-type and Fabp4
−/− T RM cells shows that the latter had a higher rate of apoptosis (Fig. 2e) . The gene-expression profile of Fabp4
−/− T RM cells revealed that immune-response genes were significantly downregulated, whereas genes involved in antiinflammatory responses and apoptosis were upregulated compared to wild-type cells (Extended Data Fig. 7) .
To determine the dependence of T RM cells on exogenous FFA uptake for oxidative metabolism, we used the Seahorse fatty-acid oxidation assay 21 . Addition of extracellular fatty acids induced a significantly higher basal and FCCP-stimulated maximum oxygenconsumption rate (OCR) in OT-I T RM cells (Fig. 2f) . The increase in OCR was blocked by pre-treatment with etomoxir, an inhibitor of mitochondrial carnitine palmitoyltransferase 1a (CPT1A), an enzyme central to mitochondrial fatty acid β -oxidation 22 ( Fig. 2f ). By contrast, T CM or Fabp4
−/− T RM OT-I cells did not have an increased OCR when supplied with exogenous fatty acids, and the addition of etomoxir had no effect on their cellular respiration (Fig. 2f) . In vivo knockdown of Cpt1a or treatment of mice with either etomoxir or trimetazidine 23 decreased the number of OT-I wild-type T RM cells to a similar extent as Fabp4
−/− cells ( Fig. 2g and Extended Data Fig. 8a-c) . These data suggest that skin CD8 + T RM use oxidative metabolism of exogenous FFAs to support their long-time survival. Early after infection, roughly equivalent numbers of wild-type and Fabp4 −/− /Fabp5 −/− CD8 + T eff cells were found in skin (Fig. 2c ). Compared to skin T RM cells isolated at day 30, skin-infiltrating T eff cells isolated at days 10 and 15 had a lower OCR, but a higher , d) . e, Schematic of experimental design. f, g, Body weight (BW) (f) and survival measurements (g) of WR-VACV challenged mice, with or without FTY720 treatment. Data are representative of three independent experiments (n = 10 mice per group). * P < 0.05; * * P < 0.01; NS, not significant. Data Fig. 8d ). Deficiency in Fabp4/Fabp5 decreased the OCR of T RM cells at day 30 after infection, but had no effect on the ECAR of skin-infiltrating T eff cells (Extended Data  Fig. 8d ). These data suggest that early skin-infiltrating T eff cells use glycolysis, which is unaffected by Fabp4/Fabp5 gene expression.
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To (Fig. 2h) .
T RM cells are more effective at clearing tissue VACV infections than T CM cells 3 . We evaluated the contribution of FABP4 and FABP5 to viral clearance of CD8 + T RM cells. Mice were adoptively transferred with OT-I wild-type or OT-I Fabp4 −/− /Fabp5 −/− cells and then infected by skin scarification with VACV OVA . Mice were re-challenged with VACV OVA 25 days later and skin viral load was measured 6 days later (Fig. 3a) . FTY720, a sphingosine-1-phosphate receptor antagonist, was injected into mice to assess the contribution of circulating T CM cells to viral clearance (Extended Data Fig. 9a ). Established OT-I wild-type T RM cells were highly effective at clearing virus from skin, as virus clearance was rapid and unaffected by FTY720 treatment (Fig. 3b) . By contrast, OT-I Fabp4
−/− T RM cells were less effective at viral clearance, and least effective following FTY720 treatment (Fig. 3b) . Treatment of mice with etomoxir reduced the VACV-clearing capacity of OT-I wildtype T RM cells to a level comparable to that of Fabp4
−/− cells (Fig. 3b) , suggesting dependence on oxidative metabolism of FFAs.
Upon stimulation in vitro, OT-I Fabp4
−/− /Fabp5 −/− T RM cells displayed impaired IFNγ production compared to wild-type cells (Fig. 3c, d) . Similar results were obtained for OT-I Fabp4 −/− /Fabp5 −/− T RM cells residing at skin sites distant from the infection (Extended Data  Fig. 9b, c) .
We showed previously that lung CD8 + T RM cells generated by skin VACV vaccination could partially protect mice against a lethal respiratory challenge with VACV 9 . We therefore investigated the role of FABP4 and FABP5 in this protective capacity of lung CD8
+ T RM cells generated by skin scarification. 
/Fabp5
−/− rVACV memory mice were challenged intranasally with lethal doses of the highly pathogenic Western Reserve (WR)-VACV (Fig. 3e) . Mice with wild-type CD8 + T RM cells did not display symptoms associated with illness (for example, weight loss) (Fig. 3f) . By contrast, mice with Fabp4
−/− CD8 + T RM cells showed marked weight loss after challenge and were only partially protected from virus-induced lethality (Fig. 3f, g ). Treatment with FTY720 led to 100% mortality of mice that had received Fabp4
−/− CD8 + T RM cells, whereas animals with wild-type CD8 + T RM cells were partially, but significantly, protected (Fig. 3f, g ). These data suggest that lung Fabp4
−/− CD8 + T RM cells were less protective against lethal respiratory VACV infection, and required the recruitment of circulating T CM cells. By contrast, wild-type CD8 + T RM cells alone protected 50% of mice from this lethal VACV infection, consistent with our previous data 9 . T RM cells in human skin have been implicated in the pathogenesis of several human skin diseases, including psoriasis 10, 24, 25 . We found that 
LETTER RESEARCH
FABP4 and FABP5 were both strongly expressed in human skin CD8 + T RM cells compared to human blood T N , T CM and T EM cells using FACS analysis (Fig. 4a, b) . Psoriasis is a chronic and recurring autoimmune disease (Fig. 4c) that is thought to be mediated by CD8 + T RM cells 5, 26 . Immunofluorescence staining of lesional psoriatic skin showed a coexpression of CD8 and CD69 (ref. 5) , indicating that CD8 + T cells in psoriasis tissue display a T RM -cell phenotype (Fig. 4d) . Lipids could be visualized in lesional scalp skin (Extended Data Fig. 10 ) and FABP4 and FABP5 protein expression could be detected in human psoriatic skin CD8 + T RM cells (Fig. 4e) . In vitro incubation with exogenous Bodipy FL C 16 showed that human skin CD8
+ T RM cells internalized more exogenous FFAs compared to blood T N , T CM and T EM cells (Fig. 4f) , suggesting a role for FABP4 and FABP5 in the fatty-acid uptake of human CD8
+ T RM cells, similar to that demonstrated here in mice. Skin and other epithelial tissues are lipid-rich but nutrient-poor microenvironments 15, 27 , and CD8
+ T RM cells appear to use mitochondrial β oxidation of exogenous FFAs or other lipids to support both their longevity and protective function. Although T CM cells depend in part on fatty-acid oxidation for cellular metabolism 17, 28 , our data show that T CM cells cannot effectively internalize exogenous FFAs. Cellintrinsic lipolysis and increased glycerol transport are used by T CM cells to support metabolic programming necessary for development 17, 28, 29 , but the dependence upon exogenous FFA uptake and metabolism for long-term survival is unique to T RM cells. Additionally, it is noteworthy that similar results were obtained from mice injected intradermally with etomoxir and mice with Cpt1a knockdown in OT-I cells ( Fig. 2g and Extended Data Fig. 8a, b) , suggesting that the etomoxir effects on CD8 + T RM cell persistence were mediated through CPT1A 30 . Given that generation of long-lived T RM cells are a goal of effective vaccination 4 , and that dysfunction of T RM cells underlies many auto-inflammatory tissue disorders 4, 5 , a more detailed understanding of the unique lipid metabolic programs intrinsic to T RM cells and how these programs might be manipulated to increase or decrease T RM cell longevity and function, will be a subject of future investigation. 
Lentiviral siRNA transduction. Scrambled, Pparg and Cpt1a siRNA GFP lentiviruses were purchased from ABM (Applied Biological Materials Inc.) with sequences as follows. Scrambled siRNA: GGGTGAACTCACGTCAGAA; Pparg KD1: AATATGACCTGAAGCTCCAAGAATA; Pparg KD2: GTCT GCTGATCTGCGAGCC; Cpt1a KD1: GGAGCGACTCTTCAATACTTCCCG CATCC, Cpt1a KD2: GGTCATAGAGACATCCCTAAGCAGTGCCA.
For siRNA lentivirus transduction, OT-I mice were infected with 2 × 10 6 VACV OVA by skin scarification. After 60 h, CD8 + T cells were collected from draining lymph nodes and incubated in medium with 10 μ g ml −1 polybrene and 20 ng ml −1 hIL-2 at 37 °C for 30 min. Then cells were infected with scrambled, Pparg or Cpt1a siRNA GFP lentiviruses, in the presence of ViralPlus Transduction Enhancer G698 at 1:100 in order to enhance transduction efficiency. For adoptive transfer, 2.5 × 10
5 Pparg or Cpt1a siRNA-transduced OT-I cells (together with the same number of congenically scrambled-siRNA-transduced OT-I cells) were co-transferred into recipient mice that were previously infected with 2 × Determination of viral load. VACV load was evaluated by qPCR as described previously 3 . In brief, 6 days after re-infection, inoculated skin samples were collected and DNA was purified with the DNeasy Mini Kit (51304; Qiagen) according to the manufacturer's protocol. qPCR was performed with the BioRad iCycler iQ Real-Time PCR Detection System (Bio-Rad Laboratories). The primers and TaqMan probe used in the qPCR assay are specific for the ribonucleotide reductase Vvl4L of VACV. The sequences are (forward) 5′-GACACTCTGGCAGCCGAAAT-3′; (reverse) 5′-CTGGCGGCTAGAATG GCATA-3′; (probe) 5′-AGCAGCCACTTGTACTACACAACATCCGGA-3′. The probe was 5′-labelled with FAM and 3′-labelled with TAMRA (Applied Biosystems). Amplification reactions were performed in a 96-well PCR plate (BioRad Laboratory) in a 20 μ l volume containing 2× TaqMan Master Mix (Applied Biosystems), 500 nM forward primer, 500 nM reverse primer, 150 nM probe, and the template DNA. Thermal cycling conditions were 50 °C for 2 min and 95 °C for 10 min for 1 cycle, followed by 45 cycles of amplification (94 °C for 15 s and 60 °C for 1 min). To calculate the viral load, a standard curve was generated from DNA of a VACV stock with a previously determined titre. Corresponding C t values obtained by the qPCR methods were plotted on the standard curve to estimate viral load in the skin samples. Intracellular cytokine detection. Infected skin was collected 6 days after VACV OVA re-infection and single-cell suspensions were prepared as described above. Cells were then incubated with 2 μ g ml −1 SINFEKL peptide of ovalbumin (RP 10611; GenScript) in the presence of brefeldin A (00-4506-51; eBioscience) for 7 h. Fc receptors were blocked with CD16/CD32 monoclonal antibodies (14-0161-82; eBioscience). Subsequently, intracellular IFNγ (554413; BD) as well as IFNγ isotype control (554686; BD) staining was performed using Intracellular Cytokine Detection Kits (BD Bioscience) according to the manufacturer's instructions before data acquisition on a flow cytometer. Human tissue samples. This is an experimental laboratory study performed on human tissue samples. All studies were performed in accordance with the Declaration of Helsinki. Blood from healthy individuals was obtained after leukapheresis, and normal skin was obtained from healthy individuals undergoing cosmetic surgery procedures. Lesional skin from patients with psoriasis was obtained from patients seen at the Brigham and Women's Hospital or at Rockefeller University. All tissues were collected with informed consent (where applicable) and with prior approval from the Partners or Rockefeller Institutional Review Boards. Skin tissue was extensively minced and then incubated for 2 h at 37 °C in RPMI-1640 containing 0.2% collagenase type I (Invitrogen) and 30 Kunitz units per ml DNase I (Sigma Aldrich). Subsequently, cells were collected by filtering the collagenase-treated tissue through a 40-μ m cell strainer (Fisher Scientific) followed by two washes with culture medium to remove any residual enzyme. Cells were stained with directly conjugated antibodies and analysed by flow cytometry. Comparisons between two groups were calculated using Student's t-test (two tailed). Comparisons between more than two groups were calculated with one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparison tests. Two-way ANOVA with Holm-Bonferroni post hoc analysis was used to compare weight loss between groups and log-rank (MantelCox) test was used for survival curves. P < 0.05 was considered statistically significant. Data availability. The microarray data that support the findings of this study are available in the Gene Expression Omnibus (accession number GSE79805); and Source Data are provided with the online version of the paper.
